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The morphological change of p-type porous silicon during annealing has been investigated. The
x-ray diffraction ~XRD! pattern was composed of a sharp Bragg reflection peak and a diffuse
scattering. The diffuse scattering is not related to the presence of the amorphous phase. The shape
of the XRD pattern started to change at an annealing temperature as low as 400 °C, and the 2u angle
of the sharp peak varied at a temperature as low as 350 °C. These changes at low temperatures seem
to be closely related to the desorption of hydrogen and the resultant change of the dangling bond
density in porous silicon. The molecular orbital calculations also support the participation of
dangling bonds in the structural reorganization in the surface region. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1416862#
I. INTRODUCTION
Porous silicon ~PS! is usually prepared by anodizing a Si
wafer in hydrofluoric ~HF! solution. A variety of morphology
can be produced depending upon the type of silicon substrate
and the preparation conditions.1–3 Among these, the mor-
phology of PS prepared from nondegenerate p-type Si wafers
~p-PS! in HF solution indicates a labyrinthine structure with
nanometer-sized pores,4 and a complete understanding of the
structure has not been attained yet. The image that is ob-
served by a transmission electron microscope ~TEM! some-
times implies the presence of amorphous phase in PS. In
early works, the presence of an amorphous phase5 and
polycrystal6 in the layer had been proposed. However, sub-
sequent studies using x-ray multicrystal diffractometry re-
vealed the monocrystallinity resulting from selective disso-
lution at the bottom of pores leaving the original crystal
structure.7–10 TEM observations show us an amorphous-like
image in porous silicon prepared from a nondegenerate
p-type silicon wafer.11,12 On the other hand, x-ray diffraction
~XRD! measurements present a noticeable feature related to
the crystallinity. Each diffraction peak consists of a sharp
peak and broad diffraction around the peak.13–16 The latter
becomes significant as the resistivity of the substrate in-
creases. It has been considered that the broad scattering is
attributed to microcrystallites and the strained structures,13 or
randomly distributed pores.14
If a specimen is observed using XRD and TEM, the
results should not give contradictory information. However,
the structure of the TEM image has not been well understood
in connection with the XRD pattern. We occasionally find
reports describing the amorphous phase in PS. This is prob-
ably because the origin of the amorphous-like image in the
TEM observation has not yet been understood. We have
found that the shape of the diffuse x-ray diffraction changes
when porous silicon is annealed, and the behavior can pro-
vide a clue to understanding the complicated structure.
The present study investigates XRD of PS prepared from
a p-type Si wafer with relatively high resistivity and also the
TEM image. The structural change by sample annealing is
investigated. We then discuss the crystallinity in PS. We also
present the change and investigate the cause focusing on the
reorganization of bonding states and structure that are
brought by thermal annealing.
II. EXPERIMENT
PS was prepared from a boron-doped p-type ~100! Si
wafer ~10–20 V cm! in 48 wt. % HF solution at an anodic
current density of 10 mA cm22 for 7 h. The PS layer was
removed from the substrate by applying a high current den-
sity greater than 1 A cm22. The ohmic contact was made by
Al deposition at the back side and subsequent annealing,
except for the samples for infrared spectroscopy. The poros-
ity was about 70%. The PS was dried by blowing Ar gas for
5 min immediately after preparation, followed by storing in a
desiccator containing silica gel for longer than 12 h. Thermal
annealing was performed at different temperatures ranging
from 200 to 800 °C in a vacuum furnace, the base pressure of
which was 831026 Pa. The PS sample was kept at a desired
temperature for 30 min. The specimens were fully pulverized
in an agate mortar.
The samples were fixed with paraffin liquid on a reflec-
tionless glass plate and analyzed using an x-ray diffracto-
meter ~Rigaku, RAD! with Cu Ka under the conditions of 40
kV, 25 mA, and using a stepping width of 0.05°. The diffrac-
tion was compared with those of crystalline silicon c-Si, and
amorphous silicon a-Si, which was prepared from sputtering
and did not contain hydrogen. The thermal behavior was
investigated with differential thermal analysis ~DTA!
~Rigaku, TG8110!, where the temperature was scanned at
10 °C min21. Transmission Fourier transform infrared ~FTIR!
spectra were measured using a Nicolet Avatar 360 spectrom-
eter. We used the mixture of the pulverized PS and KBr
powder as the sample, of which the ratio was 1:100. The data
obtained by 64 scans were collected and the resolution was 1
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cm21. The electron spin resonance ~ESR! spectroscopy was
performed to measure the dangling bond density using an
ESR spectrometer ~JEOL, JES-TE200!.
The morphology of p-PS was observed by TEM ~JEOL,
JEM4000EX!. The PS layer was scraped off from the sub-
strate, then ground in a mortar. Thus prepared small flakes
were fixed on a supporting grid as specimens for observa-
tion. It is known that the sample preparation must be very
careful because it causes the sample to be amorphous during
the preparation, especially during thinning by ion
milling.17,18 This was true in the present samples, and hence
the specimen was prepared from a flake without mechanical
and physical thinning.
III. RESULTS
Figure 1 shows XRD profiles of p-PS treated at different
temperatures. Each diffraction line is composed of two char-
acteristic sharp and diffuse patterns. The shape of a sharp
peak is superimposed by a broad pattern as previously
observed.13–16 The broad pattern became prominent as HF
concentration for the preparation decreased: the sharp Bragg
peak was hard to observe in the p-PS sample prepared in 15
wt. % HF solution. In contrast, p1-PS prepared from a
p1-type silicon wafer ~0.01–0.02 V cm! showed the domi-
nance of the sharp diffraction. The shape changed with heat
treatment.
The sharp peak disappeared after annealing at a tempera-
ture over 450 °C, giving a relatively broad peak. When the
temperature was increased to 700 °C, the sharpness recov-
ered. At temperatures lower than 450 °C, the peak position of
the sharp peak shifted toward the high angle direction when
the sample was annealed ~Fig. 2!. The 2u angle for the sharp
peak of the as-prepared sample was a little smaller than that
of crystalline Si prepared from a Si wafer. The angle became
large as the temperature was increased. The sharp peak dis-
appeared at temperatures between 400 and 450 °C. Mean-
while, it seems that there was no change in the peak position
of the diffuse scattering with varying annealing temperatures,
and the sharpening of the diffuse scattering after the disap-
pearance of the sharp diffraction occurred without the peak
shift. The variation of the relative lattice spacing, which is
estimated from the ~111! diffraction using the Bragg law with
annealing temperature, is shown in Fig. 3. It should be noted
that the values at temperatures higher than 450 °C were taken
from the peaks that were developed from the diffuse scatter-
ing.
Figure 4 shows the variation of the FTIR spectrum of PS
after annealing at different temperatures. Si–H species ex-
cept for the monohydrides are almost desorbed by 350 °C,19
and all the hydrogen species were removed by 500 °C. The
as-prepared sample already shows an absorption peak around
1100 cm21, which can be assigned to Si–O–Si stretching. It
is true that porous silicon is oxidized in air to a certain de-
gree. However, the rate is not very fast because of the stabi-
lization effects due to the hydrogen termination. For ex-
ample, a sample kept in dry air at 60 °C is oxidized but not
severely. This is proved by the FTIR spectrum as shown in
our previous work ~Fig. 1 in Ref. 20!. Therefore, at room
temperature it is hard to imagine that our samples were com-
pletely oxidized. This is further confirmed by Fig. 1 in Ref.
19, Fig. 1 in Ref. 21, and others. The absorption did not
develop after annealing and we did not observe appreciable
absorption due to the backbond oxidation in the wave num-
FIG. 1. XRD profiles of PS annealed at various temperatures: ~a! as pre-
pared, ~b! 350 °C, ~c! 450 °C, and ~d! 700 °C. The samples were kept at the
temperatures for 30 min. The profiles of ~e! ground silicon wafer c-Si and ~f!
a-Si prepared by sputtering are shown as reference.
FIG. 2. Peak shift of ~111! diffraction for the samples after annealing at: ~a!
as prepared, ~b! 350 °C, ~c! 400 °C, and ~d! 450 °C.
FIG. 3. Lattice spacing change calculated from the peak angle of ~111!
diffraction with varying annealing temperature. Solid circles show the re-
sults from the originally existed diffraction, and open circles are from the
diffraction developed from the diffuse scattering.
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bers from 2160 to 2250 cm21;20 therefore we can conclude
that no appreciable oxidation of PS proceeded on the sample.
The samples used in the present work were prepared as we
did in the previous works.19–21 The only difference in the
FTIR sample preparation between the present work and the
previous studies was the dilution of the sample volume by a
KBr powder. ~The use of a KBr powder is quite common in
FTIR investigation.! Heat treatment at high temperatures
causes separation of the porous layer from the substrate in
the form of flakes. Therefore, we used the above-mentioned
powder instead of a porous layer on the substrate. The pres-
ence of KBr caused the appearance of absorption at 1100
cm21 even by using carefully dried KBr. It seems, however,
that the mechanism which causes the 1100 cm21 peak does
not substantially affect the oxidation of porous silicon. The
Si–O–Si vibration has a large absorption coefficient. The
intensity in Fig. 4 indicates that the oxidation was not severe
if at all. Thus, the peak is not from the oxidation of porous
silicon. Even if there were a slight oxidation, it would not
affect our discussion to a large extent. Furthermore, a com-
plete oxidation to the extent of being amorphous should in-
dicate a diffuse pattern peaking at around 2u520° ~Cu Ka!;
however, there is no indication of this scattering peak in the
diffraction pattern ~Fig. 1!. The desorption causes the forma-
tion of dangling bonds in PS. The density was measured by
ESR. The variation with temperature is shown in Fig. 5. The
density of dangling bonds started increasing at 350 °C,
reached a maximum at 500 °C, and then decreased. The be-
havior is similar to that reported for the PS prepared from
n1-type Si.22 The coincidence between temperatures exhib-
iting the maximum dangling bonds and the minimum lattice
spacing has been observed in the n1- PS. However, we could
not confirm the coincidence since the sharp peak disappeared
at temperatures between 400 and 450 °C. The DTA results
also showed the desorption of hydrogen related species @Fig.
6~a!#. The desorption temperature is closely related to the
results of the FTIR shown in Fig. 4.
The morphological observation was conducted using
TEM ~Fig. 7!. No characteristic morphological structures
such as pores were observed in p-PS. Lattice patterns could
be observed only in a small part of the high-resolution TEM
image and the electron diffraction ~ED! showed a halo pat-
tern with faint spots and rings. Heat treatment at tempera-
tures higher than 400 °C developed the lattice patterns. When
we observed an as-prepared p1-PS sample, we could find a
branched columnar structure of several nanometers in the PS
as reported4 and the dominance of lattice patterns in the
high-resolution image.
FIG. 5. Dangling bond density measured by ESR as a function of annealing
temperature.
FIG. 6. Differential thermal analysis of: ~a! PS and ~b! a-Si. a-Si was pre-
pared by sputtering and hence did not contain hydrogen. Scan rate was
10 °C min21.
FIG. 4. FTIR spectra of annealed PS at: ~a! as prepared, ~b! 200 °C, ~c!
350 °C, ~d! 450 °C, and ~e! 700 °C.
FIG. 7. High-resolution TEM images of p-PS prepared from 48% HF solu-
tion. Annealing temperatures are: ~a! as prepared and its ED ~b!, ~c! 400 °C,
and ~d! 800 °C.
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IV. DISCUSSION
A. Crystallinity of porous silicon
The properties of a specimen measured with different
techniques must not give contradictory results. We used the
same sample for the XRD and TEM measurements. It is
necessary to explain the relation between the characteristic
features obtained by the two techniques, that is, diffuse scat-
tering in the XRD patterns, and the presence of disordered
structures in the TEM images and the subsequent halo in the
ED pattern. X-ray multidiffractometry has revealed that PS
has a monocrystalline character and the lattice expands
slightly in comparison with bulk silicon.7–10 The dual struc-
ture of the XRD pattern consisting of a sharp peak and dif-
fuse scattering has been observed.13–16 Some researchers
consider that the diffuse structure is attributed to the minute
size and the lattice distortion of crystallites introduced during
porous layer formation.13 Meanwhile, Bensaid et al.14 con-
sidered that the diffuse scattering was caused by the presence
of randomly distributed pores with nanometer size in PS.
Assuming that microcrystallites and strain are respon-
sible for the diffuse diffraction, the size and the strain for PS
prepared in 48 wt.% HF in the present experiments can be
estimated to be about 3 nm and 0.025, respectively, from the
analysis of the XRD diffraction using the Hall–Williamson
plot.23 The size corresponds roughly to the size of islands of
lattice patterns in the TEM image; that is 3–6 nm. However,
there is no answer of which part in the TEM image causes
the sharp Bragg reflection in the XRD pattern if the islands
are assigned to microcrystallites causing the diffuse scatter-
ing. We also conducted the XRD measurements using a free-
standing PS sample instead of the pulverized powder. Figure
8 shows the result. Only the diffraction from the ~400! face
was observed, in which we used the usual u–2u method.
This is because the ratio of incident angle and 2u satisfying
the Bragg condition is held at 1:2 only at the ~400! face. The
results suggest that PS is uniquely oriented even after porous
layer formation as reported previously1 and after subsequent
annealing. If randomly distributed crystallites were formed,
we would have observed some diffraction peaks other than
that from the ~400! face of free-standing PS. Furthermore,
the microcrystallites and strain model cannot explain the
dual structures in the XRD and TEM results.
On the other hand, the random pore model proposed by
Bensaid et al.14 seems appropriate for explaining the dual
structures. The sharp peak and the lattice pattern may be
attributed to the original crystalline, and the diffuse scatter-
ing and the amorphous-like phase are to the random pores.
The latter does not disturb the long-range order because dis-
solution proceeds selectively or the silicon substrate holds its
original crystallinity. We tried to verify this random pore
model. We considered that visible photoluminescent behav-
ior should vary if thermal annealing would cause PS struc-
ture change from that producing the quantum effects to the
inactive structure. The as-prepared sample showed the typi-
cal spectrum with the peak intensity at ;650 nm. Annealing
at 300 °C decreased the intensity greatly, and no appreciable
photoluminescence could be detected for the sample treated
at 350 °C. The change takes place at too low temperatures to
be attributed to the morphological change. It is more prob-
able that the change is caused by the change in the state of
hydrogen rather than the morphological change judging from
the change of the FTIR spectrum shown in Fig. 4, where
only the monohydrides remain after the treatment at 350 °C.
It seems that hydrogen desorption influences the photolumi-
nescent behavior more than the morphological changes do, if
any. As for the random micropores, we do not have the nega-
tive results, nor do we have the supporting results, at present.
The disordered structure in the TEM image reminds us
of the presence of the amorphous phase. Although many re-
searchers have reached a negative conclusion,7–10 some re-
searchers still consider its presence. Here, we consider the
possibility in p-PS again. Figure 1 shows the comparison of
the XRD patterns among differently prepared silicon
samples: c-Si, p-PS, and a-Si. The sharp peak of PS almost
coincides with the diffraction from the crystalline phase that
can be observed in c-Si. The feature of the broad peak was
different from that of a-Si. A broad peak for a-Si extended
between diffraction from ~220! to ~311! faces of c-Si, while
the broad peak was located exactly at each sharp peak in
p-PS, where no enhancement of diffraction between ~200!
and ~311! faces could be observed. Pulverized porous silicon
was utilized for the XRD measurements, while the XRD of
the free-standing film was also measured ~Fig. 8!. Monocrys-
talline silicon ~100! shows only a diffraction peak from the
~400! face, and the free-standing PS exhibited one peak as
well. If the amorphous phase existed with such an amount
giving the disordered region in the TEM image ~Fig. 7! or
the diffuse scattering in the XRD pattern ~Fig. 1!, the phase
would be predominant. Consequently, we would not observe
an appreciable diffraction at an angle of the ~400! face in the
result of p-PS. DTA measurements also revealed different
behaviors between p-PS and a-Si. The a-Si was subjected to
transition from amorphous to crystalline at a temperature of
about 720 °C @Fig. 6~b!#; however, such a transition was not
detected in p-PS. The amorphous–crystalline transition tem-
perature has been reported to be 665 °C for hydrogen con-
taining amorphous silicon prepared by thermal decomposi-
tion of silane.24 The XRD and DTA results support the
absence of the amorphous phase in p-PS. Our previous
nuclear magnetic resonance measurements21 also support
FIG. 8. XRD profiles of free-standing PS samples: ~a! as prepared, annealed
at ~b! 400 °C, and at ~C! 600 °C. The sample was set on an antireflection
glass plate.
6490 J. Appl. Phys., Vol. 90, No. 12, 15 December 2001 Ogata et al.
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
this, where the spectrum of p-PS was much different from
that of a-Si.
B. Structural change of porous silicon with heat
treatment
The XRD and DTA results suggest the absence of amor-
phous phase in p-PS, and other models so far have not been
able to explain satisfactorily the dual structures observed in
the XRD patterns and the TEM images. The structural
change in p-PS with thermal annealing may give some infor-
mation as to the dual structures. The change occurs at a
temperature as low as 400 °C, as can be seen in the XRD and
TEM image. The temperature is very low compared to the
transition temperature from amorphous to crystalline, which
can be seen in the DTA result of a-Si ~Fig. 6!. There is a
significant increase in the area that exhibits lattice patterns in
the TEM image, and sharpening of the diffuse scattering in
the XRD pattern starts when annealing temperature increases
further. The results again confirm the absence of the amor-
phous phase. The amorphous–crystalline transition takes
place when the temperature is higher than 700 °C, but the
transition could not be expected at 400 °C, although the tran-
sition temperature falls to some extent with increasing hy-
drogen content in PS;24 on the other hand, the morphological
change seems consecutive between these temperatures.
Figures 1 and 3 tell us that the diffuse part does not
change its position after annealing at different temperatures,
the sharp peak disappears by 450 °C, and the subsequent
sharpening at the higher temperatures grows from the broad
peak, of which the position does not shift with increasing
annealing temperature. This is the case for p-PS. On the
other hand, p1-PS behaved differently. The XRD peak was
composed of a sharp peak accompanied by indistinct diffuse
scattering although the diffuse scattering became appreciable
when PS formation was performed in dilute HF solution. The
disappearance of the peak was not observed. The peak
shifted its position to a high angle at 400 °C. Around the
temperature, the intensity decreased and the width became a
bit large. After higher temperature treatment, the peak re-
turned its position to the original value, and the intensity and
the width recovered. The observations may imply the possi-
bility that the sharp peak for p-PS after annealing would not
disappear completely but would be concealed by the diffuse
pattern. It is probable that the behavior is basically similar
between p-PS and p1-PS. If so, the recovery of lattice spac-
ing at high temperature annealing is expected. TEM obser-
vation of as-prepared p1-PS showed an image similar to that
of p-PS obtained after high temperature annealing. These
observations suggest that the structure of p-PS approaches an
ideal single crystalline structure and the diffuse pattern in
XRD and the amorphous-like image in TEM is closely re-
lated to each other.
Since desorption of hydrogen from the PS layer proceeds
at 400 °C, it is expected that the change should be assisted by
hydrogen desorption. Desorption of hydrogen species, espe-
cially SiH3 and SiH2 , starts at temperatures of 260 °C or
lower.19 The increase in the 2u angle or the decrease in lat-
tice spacing for the sharp peak in the XRD starts at tempera-
tures as low as 350 °C ~Fig. 3!. The dangling bond density
measured by ESR also starts increasing at this temperature
~Fig. 5!. The temperature coincides with the temperature at
which most dihydrides and trihydrides are removed from PS,
as can be seen in Fig. 4. The desorption reorganizes the state
of hydride and the dominant hydrogen species become
monohydrides, especially (SiH)2 dimers.19 Further desorp-
tion of hydrogen produces dangling bonds, since monohy-
drides cannot reorganize their structures without partial dan-
gling bond formation, whereas reorganization with the
formation of monohydride dimers is possible in the case of
desorption from dihydrides or trihydrides. The effect of the
presence of dangling bonds on the Si–Si bond length was
estimated by molecular orbital calculations using the
GAUSSIAN 94 program,25 where the basis set of 6-31G* was
used. The results are given in Table I. The introduction of
dangling bonds makes the Si–Si bond length shorter. This
corresponds to the decrease of lattice spacing with increasing
annealing temperature as shown in Fig. 3. At temperatures
higher than 500 °C, the FTIR spectra show no appreciable
amount of hydrogen remaining in PS, and dangling bond
density decreases because of the reorganization of Si atoms.
The reorganization produces quite a well organized structure.
The ideal ~100! surface leaves some dangling bond density.26
This is reflected in the sharpening of the diffraction peak and
also the nonzero dangling bond density at high temperatures.
There remain some questions for this model. For example, it
is unclear whether such a surface change can dominate the
bulk properties obtained by XRD, namely the peak shift,
even though PS has a large surface area. However, this
model can explain our experimental results and it is valuable
to consider the mysterious dual structure further.
V. CONCLUSIONS
We investigated the possibility and the origin of the dual
structure of XRD patterns and of the two types of morphol-
ogy in TEM images for p-PS. The possible cause for the
amorphous-like image and the diffuse diffraction in ED and
XRD may be attributed to oxidation of PS, microcrystallites
and strain,13 distortion of crystallites,17 or randomly distrib-
uted micropores.14 The clarification has yet to be attained.
However, the present investigations including the compari-
son of other types of silicon and the structural changes by
annealing revealed some important aspects for p-PS as fol-
lows:
~1! There is no amorphous phase in p-PS.
TABLE I. Optimized geometric parameters for SiHx .
Surface species Model cluster Si–Si spacing ~Å!
[SiH ~H3Si)2 –HSi–SiH–~SiH3)2 2.386 ~HSi–SiH!
HSi–~SiH3)3 2.361
5SiH2 H3Si–SiH2 –SiH3 2.356
–SiH3 H3Si–SiH3 2.352
Si–Si ~crystal! — 2.352
[Si• ~H3Si)2 –•Si–SiH–~SiH3)2 2.378 ~•Si–SiH!
•Si–~SiH3)3 2.352
5SiH• H3Si–•SiH– SiH3 2.350
–-SiH2• •SiH2 – SiH3 2.347
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~2! The structural change starts at temperatures as low as
450 °C. There is no abrupt change in the TEM image by
increasing temperature. The area indicating lattice pat-
terns increases its ratio gradually. The dual structure of
the XRD patterns disappears at this temperature, i.e., the
disappearance of the sharp diffraction peak and the
growth and sharpening of the diffuse part.
~3! Diffuse scattering in the XRD and amorphous-like image
in the TEM seem to be closely related to each other.
~4! The formation of dangling bonds starts after the desorp-
tion of trihydrides and dihydrides. The presence makes it
possible to reorganize the surface structure even at tem-
peratures as low as 350 °C. The dangling bonds play an
important role in the structural change and also at higher
temperatures.
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